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The spectral features appearing in mass spectra of random and block copolymers which
display a drift in composition are discussed along with features appearing in mass spectra of
terpolymers and tetrapolymers with sequence constraints. It is shown that previous models
cannot account for these features. A new model is presented and a compact equation is derived
which yields MS intensities. The prediction of the model is compared with some literature
data, namely mass spectrometric data concerning a block copolymer sample containing units
of -methyl styrene and of methylmethacrylate which display a strong drift in composition,
the molar fraction of methylmethacrylate units changing from 0.99 to 0.80 when passing from
short to long macromolecular chains. The agreement between theory and experiment is good.
A hyperbranched polymer obtained by condensing 4,4-bis[p(acetoxy)phenyl] valeric acid
(referred to as diphenolic acid, DPA) was then considered. The polymer turned out to be a
copolymer with regular DPA units and modified DPA units (possessing a phenol group). The
molar fraction of regular DPA units changes from 0.80 to 0.95 when passing from low masses
to high masses.
Copolymers with sequence constraints are considered, such as ABC copolymers in which
AA cannot be found along the chain or ABCD copolymers in which A cannot follow A, B
cannot follow B, etc. The novel method is applied to an exactly alternating copolymer with
units of styrene (St) and maleic anhydride (MAH). The St-MAH sample turned out to be a
complex mixture and the presence of a small amount of units of maleic acid (MAC) is detected.
The abundance of MAC, estimated by the chain statistical method, is 5%. The method is
applied to the copolymer obtained by reactive blending of poly(butylene terephthalate) and
poly(bisphenolA carbonate). In this case, the theoretical spectra are generated and spectral
features are discussed. (J Am Soc Mass Spectrom 2004, 15, 374–384) © 2004 American Society
for Mass SpectrometryMass Spectrometry (MS) is used for the analysisof free-radical [1–3], condensation [4–6] andblock copolymers [7, 8]. Copolymers with
three, four, up to seven different repeat units can also be
analyzed [9–11]. The field has recently been reviewed
[12], along with the entire field of mass spectra of
polymers [13]. The chain statistical method is a well
established method to decode the information on the
copolymer properties (composition and sequence dis-
tribution) contained in mass spectra of copolymers [14,
15]. The method consists of selecting a model sequence
distribution, using it to generate a theoretical mass
spectrum, and comparing it with the experimental one.
The model sequence distributions are Bernoulli, Lieb-
niz, Markoff (of the first order), and mixture Bernoulli.
They all possess a property, namely the theoretical mass
spectrum is compositionally homogeneous. This im-
plies that they may fail when applied to extract compo-
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doi:10.1067/j.jasms.2003.11.011sitional and sequential information contained in mass
spectra of copolymers where the molar fraction of A
and B units does not remain constant as the mass of the
chain increases. For this reason, a new model is devel-
oped below (see the Theoretical section) which can
account for drifts in composition. The prediction of the
model is compared with some literature data, namely
mass spectrometric data concerning a block copolymer
sample containing units of -methylstyrene and of
methylmethacrylate. The copolymer is a standard ref-
erence material, SRM1487 and it displays a strong drift
in composition [16], as discussed in detail below.
Hyperbranched polymers synthesized from AB2
monomers [17–20] may display compositional drifts. In
order to have a better perspective of the applicability
range of the new model, an hyperbranched polymer
was synthetized and the MALDI-TOF mass spectrum
recorded. The sample is a copolymer with two different
units and possesses a strong compositional drift (see
below). The experimental intensities are compared with
the calculated intensities predicted of the new model for
sequence distributions.
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constraints. A famous example [21] is the copolymer
obtained when poly(vinylchloride) is reacted with zinc.
Two consecutive vinylchloride units can eliminate a
ZnCl2 molecule and form a cyclopropane ring and thus
the reaction yields a copolymer of vinylchloride and
cyclopropane. The reaction does not go to completion
and some unreacted HCCl- units are found along the
chain, even at long reaction times. The cited units are
found at random along the chain with the sequence
constrain that there must be a spacing between two
consecutive units. When heating a polymer from
methyl vinyl ketone, a copolymer is obtained and
similar sequence constraints are present [21].
Sequence constraints are found also in terpolymers
[22, 23] and tetrapolymers [24–27]. For instance, Braun
et al. reported the terpolymerization of three non-
homopolymerizable monomers, namely N-ethylmale-
imide, anethol, and trans-stilbene [22]. Devaux et al.
published a detailed study on a tetrapolymer which
possesses sequence constraints [24]. Our group in Ca-
tania analyzed the same type of constrained tetrapoly-
mer [25]. Mass Spectrometry can be used for the anal-
ysis of copolymers with sequence constraints. In a
previous paper [28], the mass spectrum of a copolymer
with units of glycine and lactic was considered. There
were sequence constraints since two consecutive gly-
cine units were not found along the chain [28]. In this
paper, the spectral features appearing in mass spectra of
terpolymers and tetrapolymers with sequence con-
straints are discussed and a method to extract compo-
sitional and sequence information from cited spectra is
presented.
Experimental
Materials
All reagents were used without further purification.
Copolymer Sample S2 was purchased from MonPol–
DAJAC (Feasterville, PA). It is an exactly alternating
copolymer containing units of St and of maleic anhy-
dride (MAH). The polymerization was in solution and
the initiator was N,N-azo-bisisobutyronitrile (AIBN).
Polymerizations
The polymerization of 4,4-bis[p(acetoxy)phenyl] va-
leric acid was reported by Moore and coworkers [17]
and Schmaljohann et al. [18] described a similar poly-
mer, therefore only a brief account will be given here.
The monomer (2 g, 5.6 mmol) was charged in a 100 mL
round bottom flask. The flask was heated at 210 °C
under argon for 2 h in a temperature controlled oil bath.
The flask was then evacuated for 6 h at I torr at the same
temperature. The pressure was equalized and the reac-
tion mixture was allowed to cool overnight. The solid
was dissolved in tetrahydrofuran and precipitated in
methanol. The product was filtered and dried in avacuum oven overnight at 40 °C, I torr. This process
generated hyperbranched polymer Sample H1, yield 
50%. Other reaction conditions are listed elsewhere.
FT-IR
FT-IR spectra were recorded on a Perkin Elmer (Nor-
walk, CT, USA) Spectrum One spectrophotometer. The
spectrum of the hyperbranched polymer sample
showed the presence of the C¢O group at 1710 cm1
and the OH group around 3000 cm1, which sup-
ported the structure of the product.
SEC Fractionation
The analyses were performed on a Polymer Lab 110C
(Church Stretton, UK) apparatus, equipped with five
ultraStyragel Waters columns (in the order 1000, 500,
10,000, 100, and 100,000 Å pore size) attached in series,
using a Polymer Lab differential refractometer. The
solvent was THF or CHCl3 the flow rate was 1 mL/min
and 60 mL of polymeric solution (15 mg/mL) were
injected. Seven fractions of 0.8 mL were collected. The
chromatogram was calibrated using the result of the
analysis of MALDI-TOF spectra of selected fractions.
The average molar masses (Mn and Mw) of the copoly-
mer were measured using the Caliber software distrib-
uted by Polymer Lab. The type of calibration selected
by us was a “narrow standards”; the calibration func-
tion was “polynomial of order 1” and the calculation
method was “area based”. In the case of the hyper-
branched polymer sample, the SEC chromatogram was
expected to be smooth (since it is a polycondensation).
Instead, it was too structured and it was necessary to
resort to “conventional ” calibration with polystyrene
standards. The result was Mn  200,000 Mw  400,000.
MALDI-TOF Mass Spectra
A Perserptive Biosystems Voyager (Billerica, MA, USA)
STR mass spectrometer was used to obtain the matrix
assisted laser desorption/ionization time of flight mass
spectra. The spectrometer was equipped with a nitro-
gen laser (337 nm., 5 ns) and a flash ADC (time base 2
ns). The laser irradiance was slightly above threshold
(ca. 106 W/cm2). Ions below m/z 1000 were removed
with pulsed deflection and 100 transients were
summed. The MALDI mass spectra of the SEC fractions
were processed with the GRAMS program. The pro-
gram uses mass spectral intensities to compute the
quantities known as most-probable molar mass, num-
ber-average molar mass, weight-average molar mass,
and polydispersity index (denoted as Mp, Mn, Mw and
D, respectively) of each selected fraction.
The chromatographic elute in each fraction was
added to 0.02 mL of a 0.7 M solution of 2-(4-hydroxy-
phenylazo)-benzoic acid (HABA) matrix (solvent THF).
Probe tips were loaded with 103 mL of the resulting
solution and the solvent was slowly evaporated.
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The terminal model for copolymerization was initially
developed to explain the behavior of free-radical copo-
lymerization at low conversions and it assumes that the
probability to add a monomer to the growing chain
depends on the monomer to be added as well as on the
last (terminal) unit of the growing chain. It predicts that
one of the two monomers is preferentially inglobated in
the chain and thus the composition of the copolymer
will be different form the feed composition and that the
sequence distribution [29] will follow the first order
Markoffian, referred to as FOMA for brevity. For ter-
polymers the terminal model predicts a FOMA se-
quence distribution [30] and, in the case of terapoly-
mers, also FOMA [31]. The FOMA distribution is
ideally suited to describe addition copolymers but one
may have the impression that it is not useful to describe
copolycondensates. In fact, as high molar mass prod-
ucts can be obtained only when the conversion is close
to 100%, most copolymers have the composition of the
feed. This impression is erroneous (or at least it is not
generally true) and the idea of using FOMA to describe
copolycondensates is old. To the best of my knowledge,
Lowry [32] applied it for the first time in 1969. Earlier,
(in 1967) Yamadera and Murano [33] reported results
on the copolymer resulting from the melt-mixing of two
homopolymers and they defined the degree of random-
ness as the sum of two P-terms, which is essentially
identical to the FOMA definition of degree of random-
ness. Han [34, 35] reported that in the initial stages of
copolycondensation the composition of the copolymer
and that of the feed are different and this implies that
the sequence distribution of the copolymer possesses a
distinct FOMA character. During attempts to obtain
exactly alternating copolycondensates, such as poly-
(ether-sulfone-alt-ether-ketone) [12] or poly(resorcine-
alt-bisphenolA carbonate) [13], scrambling reactions
occurred and the sequence distribution of the resulting
copolymers was approximately FOMA. The copolymer
formed in the melt-mixing process of poly(ethylene
terephthalate) and poly(ethylene adipate) [36] follows
FOMA statistics. Matlengiewicz [37] used the FOMA
formalism to describe the tetrad distribution of an
aromatic copolyterephthalate. The FOMA model is very
compact and this feature makes it appealing to describe
copolymers obtained by virtually any synthetic route.
In some copolymer systems, when the conversion is
high, a drift in composition occurs and the copolymer
properties will depart from the FOMA ones. In partic-
ular Q (the width of the compositional distribution)
takes high values, which are incompatible with the
FOMA model (where Q is small). Philipsen et al. [38]
analyzed the microstructure of an aromatic copolyester
and they detected changes in the molar ratio of the two
monomers as the size of the oligomer changes, but they
did not model these changes. Kuchanov [39] described
the dynamics of the drift, but the use of those equations
does not seem to be appropriate here since we aredealing with the final product. Storti el al. [40] focused
on emulsion copolymers, but their treatment requires
the knowledge of too many rate constants. Cheng [41]
developed a modified Gaussian approach, but it is
limited to dimers, trimers, tetramers, and the extension
to higher oligomers is cumbersome. Schoonbrood et al.
[42] developed a model for terpolymers, but its use in
the the present case requires a more empirical (phenom-
enological) description. Tobita [43] showed that Gauss-
ian approximation is valid, but it is unclear how to
apply it to the present case. Cheng [44] used a Monte
Carlo approach which is useful to generate a small
number of theoretical spectra, but here the approach
cannot be applied since the generation of of a large
number of theoretical spectra is needed. In order to
overcome the cited difficulties, a new model is devel-
oped. The sample is a copolymer in which two repeat
units A and B are found along the chain. The macro-
molecular chains are of the type AmBn, the size of the
chain being s  m  n, the mass of the chain being
(mA  nB) where A and B are the masses of A and
B. The mass is approximately (s) where  is the
average mass of the repeat unit, namely   (A 
B)/2. The molar fraction of chains AmBn will be
denoted by IMS. It is given by:
IMSg1exp(J
2/2) (1)
where g1 is a suitable normalization factor, J (the
sequence distribution) is given by J  (z-d)/h, with z 
m/s and
dd0d1sd2s
2d3s
3 (2)
where d0, d1, d2, d3 are parameters which describe the
sample’s compositional heterogeneity (assuming that
the drift in composition can be well approximated by a
polynomial of the third order) , h is given by
h[cA(1cA)]
1⁄2Q, (3)
where cA is the average molar fraction of A units and Q
is proportional to the width of the compositional distri-
bution [45]. The approach to MS of copolymers consists
in selecting a sequence distribution, in generating the
theoretical mass spectrum and comparing it with the
experimental one [12–15]. Using the above three equa-
tions it is possible to build the theoretical mass spec-
trum. The molar fraction of A units in chains of size s
(the compositional drift) will be denoted by c(s), is
given by:
c(s)(m IMS s dm)/(s IMS s dm) (4)
where the integration goes from m  0 to s and ds
indicates that the integration is extended to chains
AmBn for which m  n  s.
Terpolymers contain oligomers of the type A B C ,m n p
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in the molecule. The Bernuolli model predicts [13–15]
that the molar fraction, I(AmBnCp, of oligomer AmBnCp
is given by I(AmBnCp)  gABC(cA)
m(cB)
n(cC)
p where cA,
cB, cC, are the molar fractions of A, B, C units in the
copolymers and gABC  (m  n  p)!/ [(m)!(n)!(p)!].
Some authors (e.g., Randall [29] and Hill et al. [30])
used the the FOMA model for the analysis of a terpoly-
mer (more specifically to decode, using chain statistics,
the information contained in the NMR spectrum of the
terpolymer). Nine elements are required to correctly
describe the sequence distribution, namely PAA, PAB,
PAC, PBA, PBB, PBC, PCA, PCB, PCC . The nine elements are
called the P-matrix elements. The sum of P-matrix
elements belonging to a row must give unity:
PAAPABPAC1. . .PBAPBBPBC
1. . .PCAPCBPCC1 (5)
The abundance of chains with a given sequence is easily
predicted using a recursive formula (IXXXYZ  IXXX PYZ,
which makes use of P-matrix elements. For instance, the
molar fraction of chains with sequence BACBA is: cB
PBA PAC PCB PBA. Unfortunately, Randall [29] and Hill et
al. [30] limited themselves to NMR data and they did
not extend their model to include mass spectrometry
and therefore the cited extension must be done here.
The molar fraction, I(AmBnCp, of oligomer AmBnCp is
given by:
I(AmBnCp)IXXX (6)
where IXXX is given by a combination of P-matrix
elements and where the summation is extended to all
sequences in which the number of A, B ,C units is m, n,
p respectively. Putting (m  1, n  0, p  0), the molar
fraction of A units (cA) is obtained. As a matter of fact,
the knowledge of the P-matrix allows the computation
of cB and cC as well. It is useful to introduce the
number-average length of long AAAAAA blocks,
nA	. One considers the abundances (denoted as I) of
sequences of the type Z(A)Z, where Z is B or C. The
averaging process is accomplished by taking the num-
ber-average of I (the index  ranges from zero to
infinity). It can be shown that, in the FOMA model,
nA	 is given by (1-PAA)
1 [29].
Let us consider the case of in which A and C do not
homopolymerize and AC is systematically absent. In
formulas, these sequence constraints are equivalent to
PAA0. . .PCC0. . .PAC0. . .PCA0 (7)
With the above constraints,  (the number of degrees of
freedom) decreases from six to two. The two variables
which define the sequence distribution are PAB and PBC.
In other words, from the knowledge of PAB and PBC, one
can reconstruct the entire P-matrix. Thereafter, using eq6, it is possible to build the theoretical mass spectrum
and to compare it directly to the experimental one. In
the case of sequence constraints, nA	 is useless (it
always takes the same value) and a different quantity
must be introduced, namely the number-average length
of long ABABABAB blocks, nAB	. One considers the
abundances (denoted as I) of sequences of the type
C(AB)C. By definition of number-average, nAB	 is
the ratio between 1 (the sum of I) and 0 (the sum of
I). In the FOMA model, 0 equals (1-PABPBA)
2 (it is a
modified geometric series with argument PABPBA)
whereas 1 is a regular geometric series.
Roland and Cheng used the FOMA model to inves-
tigate a tetrapolymer [31]. In tetrapolymers four differ-
ent repeat units are found along the chain, namely A1,
B1, A2, B2 (this notation has alread been adopted [24]).
In the FOMA model for tetrapolymers, sixteen elements
are required to correctly describe the sequence distribu-
tion, namely PA1A1, PA1B1, PA1A2, PA1B2, PB1A1, P B1B1,
PB1A2, PB1B2, PA2A1, PA2B1, PA2A2, PA2B2, PB2A1, PB2B1,
PB2A2, PB2B2. The sum of P-matrix elements belonging to
the first row of the P-matrix must give unity:
PA1A1PA1B1PA1A2PA1B21 (8)
Similar relations are valid for the other three rows.
Roland and Cheng [31] did not extend their model to
include mass spectrometic data, but this extension was
done by our group in Catania [15]. The results can be
summarized in a single, compact equation. The molar
fraction, I(A1mB1nA2p B2q, of oligomer A1mB1nA2p B2q
is given by:
I(A1mB1nA2pB2q)IXXX (9)
where IXXX is given by a combination of the 16
P-matrix elements and where the summation is ex-
tended to all sequences in which the number of A1, B1,
A2, B2 units is m, n, p, q respectively. The molar
fraction of A1 units (cA1) can be obtained by using the
above formula (putting m  1, n  0, p  0, q  0).
The above model may fail with copolymers which
possess sequence constraints. In fact, it has 12 degrees of
freedom and there are good chances that the final result
(i.e., the compositional behavior of the tetrapolymer) is
obscured by its complexity. In order to gain a better
insight, it is preferable to develop a model “ad hoc”, in
which the constraints are “built in”, taking full advan-
tage of the simplification, as follows. Let us consider the
case of in which A1, B1, A2, and B2 do not homopoly-
merize. In formulas, these sequence constraints are
equivalent to :
PA1A10. . .PB1B10. . .PA2A20. . .PB2B20 (10)
Again, the introduction of constraints causes a de-
crease of the number of degrees of freedom (f falls from
12 to 8). The eight variables neeeded to define the
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PA2A1, PA2B1, PB2A1, PB2B1. The other non-vanishing
P-matrix elements are obtained imposing the condition
that the sum of P-matrix elements belonging to a row
must give unity, i.e.:
PA1B21PA1B1PA1A2. . .PB1B21PB1A1PB1A2
(11)
PA2B21PA2A1PA2B1. . .PB2A21PB2A1PB2B1
(12)
In practice, using the cited elements, one can recon-
struct the entire P-matrix and generate the theoretical
mass spectrum. In analogy with terpolymers, is useful
to introduce the number-average length of long
A1B1A1B1A1B1 sequences, referred to as nA1B1	.
One considers the abundances (denoted as Ie) of se-
quences of the type Z(A1B1)nZ, where Z is A2 or B2. By
definition, nA1B1	 is the ratio between 4 (the sum of
I) and 3 (the sum of I). In the FOMA model, 4
equals (1-PA1B1PB1A1)
2 (it is a modified geometric se-
ries with argument PA1B1PB1A1) whereas 3 is given by
(1-PA1B1PB1A1)
1.
Eqs 1–12 were implemented in a computer program
called DROPO (drift in copolymers). It accepts as input
A and B (the masses of A and B, the parameters which
describe the sample’s compositional heterogeneity or,
alternatively the parameters PAB and PBC (in case of a
terpolymer) PA1B1, PA1A2, PB1A1, PB1A2, PA2A1, PA2B1,
PB2A1, PB2B1 (in case of a tetrapolymer). It generates a
theoretical spectrum, it compares it with the experimen-
tal one, and computes the agreement factor AF, defined
as:
AFr/e (13)
where r and e are the euclidean norms of the
residuals vector and of the experimental vector. The
program changes the parameter until it finds the best-fit
between theoretical and experimental MS intensities.
The procedure described may fail with mass spectra
which possess a low resolution, due to excessive peak
width. In this case, the experimental mass spectrum is
memorized in a large vector (LVexp). Program DROPO
derives a baseline from the experimental points. In
analogy with isotopic pattern calculation, it first gener-
ates a theoretical spectrum at almost infinite resolution
(M/
M  10∧9, then it degrades the resolution of each
peak using a Gaussian peak shape [46] and eventually it
stores the result in another large vector (LVtheo). The
procedure bears some resemblance to a method devel-
oped by Matlengiewicz et al. [47] for NMR spectra.
Program DROPO computes a modified agreement fac-
tor, AF’, defined as:
AFLV LV /LV  (14)exp theo expThe best-fit process is identical to the above.
Results and Discussion
The novel method presented in the theoretical section
was tested on a series of polymers. Guttman et. al. [16]
recorded the MALDI-TOF mass spectrum of a standard
reference material, SRM1487. The copolymer was ob-
tained by anionic polymerization using a difunctional
initator [16]. They also performed measurents with a
SEC apparatus equipped with two detectors (RI and
UV). Using these data, they were able to derive the
number  of -methylstyrene units in each chain.
MALDI-TOF data were used to estimate l as well. The
two  measurements showed close agreement. The
composition of the chain (i.e., molar fraction of MMA) is
given by the ratio /s where s is the length of the chain.
Figure 1 displays the molar fraction of MMA units in
the copolymer versus the mass of the chain as resulting
from the MALDI-TOF mass spectrum (open squares,
from the SEC apparatus equipped with two detectors
(open circles). Both experimental techniques indicate
that the sample displays a strong drift in composition,
the molar fraction of methylmethacrylate units chang-
ing from 0.97 to 0.80 when passing from long to short
macromolecules. The MALDI-TOF mass spectrum of
Sample SRM1487 has already been analyzed in great
detail [16, 43] , and it is therefore ideally suited to be
used as a benchmark for the new model. The chain
statistical method was applied to extract information on
the copolymer properties. The approximately 400 ex-
perimental MS peak intensities were compared with the
calculated intensities. The model depicted in eq 4 was
used, and theoretical mass spectra were computed
using eqs 1–3. A best-fit minimization over the six
variables which define the model (d0, d1,d2, d3, cA, Q )
was launched and the process converged towards the
following values d  6.296*101, d  1.382*102, d 
Figure 1. Molar fraction of MMA units in the SRM 1487 copol-
ymer sample versus the mass of the chain as resulting from the
MALDI-TOF mass spectrum (open squares), from the SEC appa-
ratus equipped with two detectors (open circles), and from the
predictions of eq 3 (solid line).0 1 2
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7, cA  0.95, Q  0.336. The
value of the agreement factor was very low (AF  0.14).
This implies that calculated and experimental MS peak
intensities values are quite similar. Eq 4 was used to
compute the compositional drift and Figure 1 (solid line)
displays the result of the calculation. It can be seen that the
predictions come close to the experimental data, especially
in the region between 5000 and 7000 Da. This fact does not
come unexpectedly since the fit is very sensitive to strong
peaks and the most intense MS peaks fall in that region.
Hyperbranched polymers synthesized from ABx
monomers have received much attention in recent
years. They exhibit properties different from those of
linear polymers because of their highly branched and
dense structure. Their high solubility in common sol-
vents and their low solution viscosities lead to an
increased commercial interest in these polymers. Diphe-
nolic acid (DPA) has a structure similar to bisphenol
acid (BPA, a popular monomer used in polyvarbonates
and epoxy resins. The price of DPA has been cut
drastically because of a new industrial process that uses
cellulose-rich waste like wood, paper, sewage sludge,
paper mill sludge, and food processing waste and
transforms it into levulinic acid. The levulinic acid can
then be transformed into DPA by a condensation reac-
tion with phenol. The price of DPA could be only one
third of the cost of BPA. Recent research efforts focused
on transforming DPA into an AB2-type monomer and
its polymerizations [17, 18]. With this in mind, the
hydroxyl groups were acetylated first, and this AB2-
type monomer was polymerized in the absence of
added catalysts. The hyperbranched polymers had
broad, multimodal molecular weight distributions and
were soluble in THF and chloroform even with appar-
ent weight-average molecular weights above l,000,000.
The polymerization rection proceeds as follows. First, m
monomers condense together by elimation of m-1 acetic
acid (Ace) molecules: mA3 XA  (m-1) Ace, where X
Figure 2. Schematic illustration of the reaction
process.mstands for a CH2CH2COOH terminal group. Figure 2a
shows the structure of XAm. During or after this poly-
condensation process, a side reaction occurs and the
macromolecule suffers the adventious uptake of one ore
more than one (in general n) water molecules: XAm  n
H2O 3 XAmBn  nAce. In this process, a new unit,
referred to as B, is created, which possesses a phenol
group. Figure 2b shows the structures of XAmBn. Dur-
ing the polymerization, macromolecule XAmBn loses its
COOH group by creating a closed loop: XAmBn3AmBn
 Ace. Figure 2c shows the structures of AmBn. At later
stages of the synthesis, the sample is expected to be
made of a mixture of chains of the type AmBn with a
small amount of XAmBn chains which still retain their
COOH group. Figure 3 displays the MALDI-TOF mass
spectrum of Sample H1, showing about 1200 peaks
from about up to about 12,000 Da. The upper portion of
Figure 4 reports an expansion the MALDI-TOF mass
spectrum of Sample H1 in region between 5000 and
6600 Da. It can be seen that there are two mass series.
Mass Series 1 is intense and it is made of peaks due to
ducts resulting from the the polycondensation
Figure 3. The MALDI-TOF mass spectrum of Sample H1.pro
eq 1.
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 (the molar masses of repeat
units A and B are 310.3 and 268.3, respectively). Peaks
with one, two, three, four, and five B units are explicitly
labeled. Peaks with six B units are indicated with a
cross. Mass series 2 is weak and it is made of peaks
(indicated by a circle) due to ions of the type
AmBn . . . K
. The ions have one acetic acid molecule
more than the corresponding AmBn . . . K
, the masses
being shifted 60 masses higher with respect to the
previous mass series. The chain statistical method was
then applied to extract information on the copolymer
and the about 760 experimental MS peak intensities
were compared with the calculated intensities. In the
first run, a relatively common sequence distribution
model was selected, namely Bernoulli. This type of
calculation is straightforward and details are omitted
for brevity [14, 15]. The result was cA  0.88, which is
satisfactory, but the quantity AF (agreement factor)
which measures the goodness-of-fit (see eq 13) takes a
high value (AF  0.55) and this implies that there are
strong differences between the calculated and the ex-
perimental MS peak intensities. In the second run, a
more complex sequence distribution model was se-
lected, namely Markoffian (first order) [14, 15]. Again,
the composition value was good (cA  0.88) but the
value of the Agreement Factor (AF  0.53) was much
too high. From these failures, it was concluded that
Bernoulli and Markoff model sequence distributions
cannot be used in this case, since they generate theoret-
ical mass spectra which are compositionally homoge-
neous. The new model was used and eqs 1–3 were
applied to generate calculated intensities. The best-fit
minimizatrion converged towards the following values:
Figure 4. Expansion the MALDI-TOF mass spe
6600 Da. The upper portion reports the expe
calculated MS spectrum using the prediction ofd0  5739*10
1, d1  8.404*10
5, d2  7.067*10
9,
d3  2.146*10
13, cA  0.88, Q  0.9. The agreement
factor’s value was very low (AF  0.08, which implies
an almost perfect match. The lower portion of Figure 4
reports an expansion in region between 5000 and 6600
Da. and it confirms that there is a very good agreement
between experimental and calculated intensities. Eq 4
was used to estimate sample’s compsitional changes as
the mass grows and Figure 5a displays the result. It can
be seen that as the molar fraction of A units increases
from 0.8 to 0.9, the mass increases from 2000 to 12,000.
This increase is at the expense of B units (which possess
a phenol group). Let us indicate with I(1) and I(0) the
of Sample H1 in the region between 5000 and
ntal spectrum The lower protion reports the
Figure 5. Molar fraction of A units (a) and the ratio I(1)/ I(0)
between the abundance of chain with and without COOH (b)
versus the mass of the chain as resulting from the MALDI-TOF
mass spectrum of copolymer Sample H1.ctrum
rime
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Figure 5b displays the ratio I(1)/I(0) versus the mass of
the chain. From the inspection of the figure, it can be
seen that the ratio I(1)/I(0) decreases quickly as mass
grows. This fact does not come unexpectedly, since the
ability of the macromolecule to retain its COOH group
in the synthetic conditions adopted is low and de-
creases as the macromolecular dimension become large.
Let us now come to copolymer with sequence con-
straints. As a first example, an exactly alternating copoly-
mer with units of maleic anhydride (referred to as A) and
styrene (referred to as B) was considered and it will be
indicated for the sake of brevity as S2. Figure 6 reports the
MALDI-TOF mass spectrum (recorded in the linear mode)
of Sample S2. It displays equally spaced MS peaks (the
spacing is about 100 Daltons) in the range 1500–8000 Da
and the mass spectral intensity shows a gentle decrease as
Figure 6. MALDI TOF mass spectrum of the unfractionated
styrene-maleic sample.
Figure 7. MALDI TOF mass spectrum of S
spectrum (b).the mass grows. The spectrum has a small number of
peaks (less than 75). Such a small number of peaks is
incompatible with a structure in which A and B are found
at random along the chain. In fact, a random copolymer
displays 21 peaks due to 20-mers, 22 peaks due to 21-mers,
23 peaks due to 22-mers, 80 peaks due to 79-mers, 81
peaks due to 80-mers, which imply more than 3000 mass
spectral peaks. On the other hand, it is well known that
mass spectra of alternating copolymers possess few MS
peaks [13–15] and this fact suggests this structure. More
specifically, peaks are due to oligomers of the type AxBx,
Ax1Bx, AxBx1 and all the other possible combinations
are systematically absent.
Sample S2 was injected in the SEC apparatus and seven
fractions were collected. Sample F5 (Fraction 5) is the SEC
fraction collected around 49 mL. Figure 7a reports the
MALDI-TOF mass spectrum of the Sample F5. The spec-
trum was recorded in the reflectron mode and it can be
seen that it possesses a good resolution. There are about 55
peaks, which are attributable to ions of the type :
and this formula can be written in a compact manner as:
R1-AmBnCq-HNa
, where R1 is NC-C(CH3)2 and A, B, C
are the maleic anhydride, styrene, and maleic acid repeat
unit, respectively. Unit C derives from Unit A by addition
of water. Figure 7a also reports the assignment of the MS
peaks. The letter t indicates that the oligomer has three C
e F5. Experimental spectrum (a). Theoreticalampl
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different sizes are well separated. Thus, there is a first gap
between the MS peaks due to nonamers (seen at mass 999,
1005, 1017, 1023, 1035, 1041) and the MS peaks due to
decamers (seen at mass 1103, 1121, 1139). In a similar
manner, decamers are separated by a second gap from the
MS peaks due to undecamers (seen at mass 1201, 1207,
1219, 1225, 1237, 1243) and a third gap appears before
dodecamers (seen at mass 1305, 1323, 1341). The method
developed in the theoretical section was used to analyze
the spectrum and to determine the molar fraction of C
units. In particular eqs 5–7 were used. In this case, a
simplification occurs. In fact, the styrene-maleic copoly-
mer has a very strong alternating tendency, and thus the
molar fraction of styrene is 1⁄2 (cB  1⁄2). The intensities of
the 55 MS peaks in Figure 7a were given as an input to the
computer program, which converged quickly towards a
sharp minimum. The agreement factor at the minimum
was excellent (AF  4%) , whereas the value of cA which
achieves the minimum was cA  0.45. This implies that
that the molar fraction of maleic acid units in the copoly-
mer is 5% and, in turn, this implies that the molar fraction
of A, B, and C units in the copolymer (usually referred to
as the copolymer composition) is 45/50/5. Figure 7b
reports the calculated mass spectrum. It can be seen that it
reproduces almost exactly the features of the experimental
one. The composition of the copolymer at masses higher
than 2000 Da may differ from 45/50/5. As a matter of fact,
going back to the spectrum of the unfractionated sample
(which covers a wide mass range, it can be seen that the
peaks in the region 2000–5000 have the shape of a scalene
triangle and that the peaks broaden as the mass grows.
This may indicate that the relative abundances of the
oligomers which possess two or three C units increase as
the mass grows (compositional heterogeneity). In practice,
Sample S2 displays at the same time a slight compositional
drift and sequence constraints. It should be possible to
extract the compositional behavior for this copolymer
using the modified agreement factor AF’ in eq 14 and this
will be discussed in a subsequent publication. Let us now
consider tetrapolymers and in particular the copolymer
obtained by reactive blending of poly(butylene terephtha-
late) and poly(bisphenolA carbonate). The copolymer can
be described using four difunctional units, namely :The initial mixture contains exclusively A1B1 units
(i.e., butylene terephthalate) and A2B2 units (i.e.,
bisphenolA carbonate). As the mixture is heated,
ester-carbonate exchange reactions take place and a
copolymer is formed in which A1B2 units (butylene
carbonate) and A2B1 units (bisphenolA- terephtha-
late) are found along the chain [24]. Sequence con-
straints are present in this copolymer. More specifi-
cally, it will be shown that there are ten constraints.
Clearly, A1 cannot follow A1 nor A2, B1 cannot
follow B1 nor B2 and the same holds for A2 and B2.
As a consequence, eight P-matrix elements vanish,
namely PA1A1, PB1B1, PA2A2, PB2B2, PA1A2, PB1B2, PA1A2,
and PB1B2. If the temperature is kept below 250 °C, the
effects of thermal degradation reactions are negligible
[24]. This implies that A1, B1, A2, B2 units do not
abandon the system and thus, during the reaction, the
abundances of A1 and B1 are identical (cA1  cB1). In
a similar manner, cA2  cB2. These constraints will be
referred to as “conservative constraints” and they
must be taken into account in a separate manner. The
introduction of the ten constraints causes a decrease
of the number of degrees of freedom ( falls from 12
to 2). In practice, only two parameters are needed to
completely describe the copolymer’s sequence,
namely PB1A2 and the molar fraction of butylene
terephthalate (cA1  cB1). The reaction proceeds
through active chain ends [25] and in the initail stages
of the reaction, the composition of the copolymer
differs from the composition of the sample. It would
therefore be necessary to introduce a third parameter,
namely the difference, n, between the composition of
the copolymer and the the composition of the sample.
Fortunately, it has been shown that when the active
chain ends are suitably capped [25] (for instance
reacting butandiol end-groups with benzoyl chloride)
the difference  is negligible; it is, therefore, practical
to limit the discussion of this case for the sake of
simplicity. The computer program described in the
theoretical section was modified in order to take into
account the sequence constraints and the two conser-
vative constraints and some illustrative calculations
were performed. Oligomers from hexamers to 20-
mers were considered and the mass of the cation and
of the end groups were subtracted. Figure 8a reports
the calculated mass spectrum for cA1  cB1  0.5,
PA1B2  0.05. The spectrum is complicated by the
presence of isobaric oligomers. In particular, buty-
lene-carbonate-bisphenolA-terephthalate moieties
have the same mass of butylene- terephthalate-bis-
phenolA-carbonate moieties. For this reason, the in-
tensity of peaks due to isobaric oligomer are summed
together. At any rate, the theory predicts that the
number of MS peaks which show such problems is
not too large. Figure 8b reports the result of a similar
calculation, namely for cA1  cB1  0.5, PA1B2  0.075.
In this case, the reaction products are more abundant
than in the preceding case.
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A model is presented for copolymer samples in which
the composition varies with mass. A compact equation
is derived (eq 1) which yields the molar fraction of
chains of the type AmBn. The prediction of the model is
compared with literature data concerning a sample
obtained by anionic polymerization and with mass
spectrometric data concerning a hyperbranched polyes-
ter sample.
A method is developed for dealing with mass spectra
of terpolymer with sequence constraints. It is shown
that it can extract compositional and sequence informa-
tion. The method can also handle tetrapolymers. It
predicts specific features that should be present in the
tetrapolymer obtained by reactive blending of poly(bu-
tylene terephthalate) and poly(bisphenolA carbonate).
It should be possible to extend the method to other
blends which display transreactions [26]. In particular,
the extension to the tetrapolymer obtained by reactive
blending of poly(ethylene-2,6-naphthalate) and poly-
carbonate [27], should be quite straightforward.
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